Background: Human species C adenovirus serotype 5 (Ad5) is the archetype oncolytic adenovirus and has been used in the vast majority of preclinical and clinical tests. While Ad5 can be robust, species C Ad6 has lower seroprevalence, side effects, and appears to be more potent as a systemic therapy against a number of tumors than Ad5. Historically, there have only been four species C human adenoviruses: serotypes 1, 2, 5, and 6. More recently a new species C adenovirus, Ad57, was identified. Ad57 is most similar to Ad6 with virtually all variation in their capsid proteins occurring in the hypervariable regions (HVRs) of their hexon proteins. Most adenovirus neutralizing antibodies target the HVRs on adenoviruses. This led us to replace the hexon HVRs in Ad6 with those from Ad57 to create a new virus called Ad657 and explore this novel species C platform's utility as an oncolytic virus. Methods: The HVR region from Ad57 was synthesized and used to replace the Ad6 HVR region by homologous recombination in bacteria generating a new viral platform that we call Ad657. Replication-competent Ad5, Ad6, and Ad657 were compared in vitro and in vivo for liver damage and oncolytic efficacy against prostate cancers after single intravenous treatment in mice. Results: Ad5, Ad6, and Ad657 had similar in vitro oncolytic activity against human prostate cancer cells. Ad5 provoked the highest level of liver toxicity after intravenous injection and Ad657 caused the least damage in mice. Previous data demonstrated that Ad6 was superior to Ad5 at killing distant subcutaneous prostate cancer tumors in mouse models after a intravenous injection. Given this, Ad657 was compared to the Ad6 benchmark virus by single intravenous injection into mice bearing subcutaneous human DU145 prostate cancers. Under these conditions, Ad657 first infected the liver and then reached distant tumors. Both Ad6 and Ad657 mediated significant delays in tumor growth and extension of survival with Ad6 mediating higher efficacy. Conclusions: These data suggest that Ad657 may have utility as a local or systemic oncolytic virotherapy for prostate cancers. These data also lay the foundation for serotype-switching with oncolytic species C Ads.
Introduction
Adenoviruses (Ads) are nonenveloped DNA viruses that infect a variety of tissues causing respiratory, ocular, and digestive infections. 1 Most humans are infected by Ads at mucosal surfaces. 1 Most adenovirus-infected cells die as a consequence of the viral life cycle. Individuals with normal immune systems will reject the viruses after an acute infection. Immunocompromised or stressed individuals can suffer more dangerous, even life-threatening, infections. While adenovirus infections are generally considered acute in terms of disease manifestations, certain human Ads actually become persistent in humans and can be found in T cells in lymphoid and gut tissues. 2 Nguyen et al Currently, there are in excess of 60 serotypes of Ads that infect humans. Ads were originally segregated into six subtypes A, B, C, D, E, and F based on serologic cross-reactivity and other features. More recently, they have been grouped into six or seven viral "species" with the same letters by DNA sequence comparisons. 1 These viruses are immunologically and genetically distinct with as much as 40% genetic divergence across the human adenovirus "virome". 4, 5 In general, human Ad serotypes with lower numbers were discovered early in the 1950s and 1960s. These low serotypes were discovered by virtue of the fact that they are already prevalent in humans. 1 As such, many humans have already been exposed to many of the lower-numbered serotypes and have detectable levels of neutralizing antibodies against them by adulthood. 4 Early observations that Ads could kill the cervical cancer cell line HeLa prompted human clinical trials in the 1950s testing these viruses as oncolytic agents. 6, 7 The use of Ads for this type of oncolytic virotherapy reawakened more recently with the advent of recombinant tools to manipulate their viral genomes (reviewed in Post et al 8 and Liu et al 9 ) . Oncolytic virotherapy utilizes the natural ability of viruses to kill cells and redirects this to kill cancer cells. When an adenovirus kills one cancer cell, it can generate a virus "burst" of as many as 100,000 infectious progeny virions that can kill other cancer cells. This amplification is restricted in immunocompetent hosts by counter amplification of the host's immune cells. Such an antiviral immune response can either quench the wave of expanding oncolytics or may synergize by activating the immune cells against tumor antigens.
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The vast majority of recent oncolytic Ad work has focused on the use of human Ad serotype 5 (Ad5). The intense use of Ad5 in preclinical and clinical studies is due in part to the fact that it is one of the most studied viruses, but also because it was the first Ad serotype to be sold as a kit to produce recombinant Ads. While Ad5 is potent against a variety of cancers, it is a low-numbered Ad serotype, and 27%-100% of humans are already immune to it. 11, 12 Given this, lower seroprevalent human and non-human Ads that can theoretically avoid preexisting immunity in human cancer patients are currently being tested as vaccines and oncolytics. [13] [14] [15] [16] [17] [18] We evaluated 15 human Ads for oncolytic activity against breast, ovarian, liver, prostate, kidney, and B cell malignancies, emphasizing the testing of viruses that are less seroprevalent than Ad5. [17] [18] [19] [20] In tests against DU145 human prostate tumors, species C Ad6 was more potent after single intratumoral or intravenous (i.v.) injection than species C Ad5 or species B viruses Ad11 and Ad35. 17 Ad6 was also more effective than Ad5 and Ad11 in immunocompetent Syrian hamsters. 20 For 50 years, there were only four known species C human species Ads including Ad1, Ad2, Ad5, and Ad6. 21 In 2001, a fifth species C adenovirus was identified as field isolate strain #16700.
22 #16700 was isolated in a fecal sample of a healthy 4-year-old child from Azerbaijan. Virus neutralization testing with antisera against Ad1, 2, 5, and 6 demonstrated high 
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Ad657 for systemic virotherapy against prostate cancer levels of neutralization (reciprocal titers of 500-16,000) when each antisera was used against its cognate virus. 22 In contrast, anti-Ad1, 2, and 5 antibodies have weak cross-reactivity against #16700 (reciprocal titers of 32-64). Anti-Ad6 sera demonstrated higher cross-reactivity against #16700, but neutralization required 10-fold higher concentrations of sera to neutralize #16700 when compared with Ad6 itself.
Subsequent sequence comparisons confirmed #16700 as a novel species C adenovirus and renamed it as Ad57 ( Figure  1) . 23 For example, alignment of selected full Ad genomes produces a phylogenetic tree that clusters Ad57 with other species C viruses with most homology with Ad6.
Ad57 appears nearly identical to Ad6 with sequence divergence in hexon hypervariable regions (HVRs) and in 
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Nguyen et al E3 immune evasion genes 22, 23 ( Figure 2 ). Other exposed viral capsid proteins including fiber, penton base, IIIa, and IX are virtually identical between Ad6 and 57. This and the neutralization data are consistent with the fact that most adenovirus-neutralizing antibodies target the HVRs on Ads. 24, 25 The low cross-reactivity between Ad6 antisera and Ad57 is thought to be due to antibodies that may target their common fiber protein.
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Ad57 is fortuitously most similar to our most effective oncolytic adenovirus, Ad6. Given this, in this work, we have explored the utility of Ad57 as an oncolytic against human prostate cancer. Given that Ad6 and 57 differ only in their hexon proteins, we replaced the Ad6 HVRs with those from Ad57 to generate a new species C oncolytic virus called Ad657 for this testing. We tested Ad657 and Ad6 as systemic oncolytic therapies by single i.v. injection in nude mice bearing human prostate cancer tumors. We evaluated the liver and tumor tropism of this virus in mouse models of prostate cancer.
Materials and methods

Cell lines
DU145 human prostate carcinoma cells were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA) and verified to be specific pathogen free by IMPACT testing by RADIL. 293 cells were obtained from Microbix, Toronto, Ontario, Canada. Cells were maintained in DMEM with 10% FBS (Invitrogen, Grand Island, NY, USA).
Viruses
The genome of Ad6 Tonsil 99 strain (ATCC VR-1083) was cloned previously. 26 A cassette corresponding to the Ad57 hexon between a natural ApaI and SacI sites was synthesized by Genscript. This fragment was cloned into the shuttle plasmid pUC57-Ad6 Hexon-FZF containing the Ad6 pVI and hexon genes with a FRT-Zeocin resistance gene-FRT cassette between them for homologous recombination in bacteria as in Campos and Barry 27 and Khare et al. 28 The Ad6 ApaI-SacI fragment was replaced with the Ad57 fragment generating the plasmid pUC57-Ad6/57 Hexon-FZF. This was recombined into the Ad6 genome by red recombination. 27 Viruses were rescued by transfection into 293 cells and produced from a 10 plate CellStack (Corning Life Sciences, Lowell, MA, USA). Viruses expressing a green fluorescent protein-luciferase (GFP-Luc) fusion protein have a CMV-GFP-Luc expression cassette inserted between fiber and E4 and an E3 deletion to make space for this insertion. 29 Viruses were purified on two CsCl gradients, and viral particle (vp) numbers were calculated by OD260.
In vitro oncolytic activity 
Blood alanine aminotransferase (ALT) measurement
Groups of six C57BL/6 mice were injected i.v. with 10 11 vp of Ad5, Ad6, or Ad657 by tail vein and blood was collected 3 days later for ALT measurement using ALT Activity Assay (Sigma-Aldrich, St. Louis, MO, USA).
Statistical analysis
Statistical analysis was performed with Prism (Graphpad) by repeated measures ANOVA or one-way ANOVA followed by Tukey's HSD test. Kaplan-Meier survival curves were plotted and compared by log rank test. 
Results
Construction of new Ad657 virus
We previously cloned the genome of human Ad6 Tonsil 99 strain. 26 The capsomer genes of Ad57 are nearly identical to Ad6 with the exception of their hexon HVRs (Figures 1  and 2) . 22, 23 To generate a mimic of Ad57, a cassette corresponding to the Ad57 hexon HVRs was recombined into the wild-type Ad6 genome (Figure 3 ). This virus was rescued and produced in 293 cells and purified on CsCl gradients. Given that the base viral genome is Ad6, hereafter, we refer to these hexon chimeric viruses as Ad657.
In vitro oncolytic activity
LNCaP and DU145 human prostate cancer cells were treated with Ad5, Ad6, and Ad657 at varied MOI in vp/cell. Five days later, the viability of the cells was estimated by staining them with crystal violet. Under these conditions, the three viruses mediated similar levels of LNCaP and DU145 cell killing (Figure 4) .
Liver damage by Ad5, Ad6, and Ad657
Systemic oncolytic therapy may require i.v. injections of viruses. While this can distribute oncolytic Ads to distant tumors, the vast majority of i.v. injected virus becomes trapped in the liver (reviewed in Barry et al 30 ). This can cause profound liver damage and even death in a serotypedependent manner. For example, in immunocompetent mice, Ad5 causes substantially higher ALT levels in the blood and significantly higher morbidity than Ad6. 17, 31 To compare liver damage by Ad5, Ad6, and Ad657, a high dose of 10 11 vp of each virus were injected by tail vein into immunocompetent C57BL/6 mice. Consistent with previous findings, 31 Ad5-injected animals became moribund within 2 days and had to be euthanized ( Figure 5A ). Survival for Ad5 and Ad6 was significantly lower when compared with PBS (p=0.0001 and 0.0009, respectively, by log-rank analysis). Survival for Ad657 was also reduced when compared with PBS (p=0.0578). Survival after exposure to Ad6 or Ad657 was significantly better than in Ad5-treated mice (p=0.0001 and 0.0001, respectively). Ad6 and Ad657 survival were not statistically different (p=0.248). 
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Nguyen et al ALT was measured in the blood 3 days after injection in surviving Ad6 and Ad657 animals. Ad5-treated animals were not tested, since most of the group needed to be sacrificed. This assay showed that Ad6 provoked relatively low levels of liver damage in terms of liver ALT enzyme release in the blood ( Figure 5B ) consistent with previous results. 17, 31 Both Ad6 and Ad657 groups had low, but significant, ALT levels when compared with PBS-treated mice (p<0.001 by oneway ANOVA with Tukey's multiple comparison test for both viruses). Ad657 had lower ALT levels than Ad6 (p<0.001 by ANOVA). This is consistent with higher levels of Ad6 infection in the liver than Ad657 after i.v. injection of luciferase expressing viruses ( Figure S1 ). One Ad657 animal was lost following bleeding on day 3. By 6 days, most of the Ad6 animals became moribund ( Figure 5A ). In contrast, 50% of Ad657 animals survived beyond 2 weeks of the treatment.
Comparison of the oncolytic activity of Ad6 and Ad657 against human DU145 prostate tumors
We previously showed that species C Ad6 was more potent after single intratumoral or i.v. injection than Ad5 or species B Ad11 and Ad35 against DU145 prostate carcinoma tumors. 17 Ad6 expressing luciferase first infects the liver and then expands in distant subcutaneous DU145 prostate tumors after i.v.injection. 31 To compare Ad6 and Ad657 against this tumor type, nude mice were engrafted s.c. with DU145 cells. Animals were distributed into groups with similar tumor sizes averaging 200 µL and groups of nine mice were treated a single time by the i.v. route with a dose of 3×10 10 vp of Ad6 or Ad657 ( Figure 6 ). This single i.v. injection of Ad6 and Ad657 reduced tumor sizes when compared with PBS-injected control animals. Tumors were significantly smaller in the Ad6 group within 7 days when compared with the PBS group (p<0.05 by two-way ANOVA with Tukey's multiple comparison test). Tumors in the Ad657 group were significantly different from those in the PBS group by day 14 (p<0.01 by ANOVA). Both Ad6 and Ad657 maintained significant differences with PBS through day 38 (p<0.0001 by two-way ANOVA). This comparison ended on day 38 when the first animal in the PBS group had to be sacrificed since later comparison would be skewed due to the change in animal numbers. Tumor sizes in the Ad6 and Ad657 groups were not significantly different until day 38, when Ad657 had a significantly higher tumor volume (p<0.05) by two-way ANOVA ( Figure 6A ). This difference between Ad6 and Ad657 tumor sizes persisted until day 52 (p=0.04 by T-test), and then the tumors were not significantly different after this time.
When survival due to all causes was assessed, both Ad6 and Ad657 significantly extended survival when compared with PBS-treated animals ( Figure 6B , p<0.01 and 0.05, respectively, by log-rank analysis). Ad6 survival due to all causes was significantly better than Ad657 (p<0.05). However, this was an artifact of survival attributed to all because three of the Ad657 animals had to be sacrificed per Institutional Animal Care and Use Committee (IACUC) guidelines due to the formation of ulcers on the skin over the tumor rather than due to excess tumor size. In some cases, ulceration is actually associated with effective tumor control. Like Ad6, 31 Ad657 expressing GFP-luciferase produced significant luciferase activity in distant DU145 subcutaneous tumors after a single i.v. injection ( Figure S2 ). This suggests 
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Ad657 for systemic virotherapy against prostate cancer that both Ad6 and Ad657 can mediate oncolytic effects in prostate tumors after a single systemic treatment.
Discussion
Human species C Ad5 is a potent oncolytic virus for many solid tumors. [17] [18] [19] [20] Its lower seroprevalence species C cousin, Ad6 is more effective in mice and hamsters than Ad5, particularly by the i.v. route. 17, 20 This work was directed at providing a new species C variant's hexon hypervariability to the oncolytic Ad palette.
For 50 years, there were only four species C human species Ads including Ad1, Ad2, Ad5, and Ad6. 21 Ad57 is a new species C adenovirus most similar to lower seroprevalence Ad6 with most of its sequence divergence in its surface proteins focused on hexon HVRs (Figure 2) . 22, 23 Ad57 has very low serologic cross-reactivity to antibodies generated against Ad1, 2, and 5.
22 Anti-Ad6 sera had higher cross-reactivity against Ad57, but this required 10 times more sera to neutralize Ad57 than Ad6 itself. Given that most Ad neutralization is directed at hexon HVRs, we constructed Ad657 to evade Ad6 HVR-directed antibodies on the potent Ad6 genomic platform.
Previous comparisons of Ad5 and Ad6 against DU145 prostate tumors in nude mice showed that Ad6 mediated better tumor size control and survival than species C Ad5 or species B Ad11 and Ad35 after i.v. treatment. 17 Interestingly, subsequent comparisons of more human Ads against MDA-MB-468 human breast cancer and SKOV3 human ovarian tumors in nude mice showed that Ad5 and Ad6 had similar efficacy, but that other Ads were more potent. 20 Species B Ad11 and species D Ad26 controlled breast tumor size best, whereas Ad11 was best against ovarian cancer. 20 In contrast, in B cell cancers, species D Ads are superior to most other Ads including Ad5, Ad6, Ad11, and Ad35. 18, 19 When Ad5, Ad6, and Ad11 were tested in immunocompetent hamsters against HaK kidney tumors, only Ad6 mediated significant reductions in tumor growth. 20 This suggests that different Ads indeed have better utility against different cancer types. Of all Ads tested, unmodified species C Ads appear to have a particular "hunger" for prostate cancer.
In this study, species C Ad6 and Ad657 were both effective against distant subcutaneous DU145 tumors after systemic delivery. It should be noted that this efficacy is mediated by a single i.v. dose rather than by multiple treatments. Under these conditions, both Ad6 and Ad657 repressed aggressive DU145 tumor growth over long periods of time after this single treatment. Ad6 had slightly better tumor control than Ad657 over time, but both mediated similar control of tumor size over time.
Survival due to all causes was better in Ad6-treated animals, but this was due in part to a higher rate of ulceration in the skin above the tumor sites in Ad657 animals. These animals were sacrificed per IACUC guidelines skewing the survival curve. In some cases, ulceration is actually associated with more effective tumor control, so it is possible that the two species C oncolytic viruses may have similar activity in models less prone to ulceration.
Liver sequestration is a considerable problem for virtually any oncolytic virus if it is used as an i.v. systemic therapy or if viremia occurs after intratumoral injection. If said virus infects hepatocytes and kills them, this will result in liver damage at low doses and death at higher doses. When we compared liver damage in immunocompetent mice by Ad5, Ad6, and Ad657, both Ad6 and Ad657 provoked lower damage than Ad5. Under these conditions, Ad657's liver damage was significantly lower than that mediated by Ad6. It could well be that liver damage may be higher in immunodeficient mice, although this was not tested here.
Ad5 was originally reported to have seroprevalence of 27% in Texas. 32 In contrast, Ad6 seroprevalence was only 3%. 32 Other human Ads including Ad26 and Ad35 have even lower seroprevalence than Ad6, 12, 33 but have less efficacy against prostate cancer after systemic injection than Ad6. 17 Non-human Ads like chimpanzee ChAd3 have lower seroprevalence than human Ads, but this is not as low as first expected. For example, the ranked order of preexisting antibodies against Ad5, Ad6, and ChAd3 are 38%, 22%, and 10%, respectively. 34 Recent comparison of Ad6 and ChAd3 as hepatitis C vaccines in humans showed that both generated robust immune responses. 34 This suggests that Ad6 can have utility against prostate cancer in humans. While it is as yet uncertain what the seroprevalence of Ad57 is in humans, the fact that it has been isolated only once in humans 22 suggests that it will be even less common than Ad6. Antibodies against Ad1, 2, and 5 cross-react weakly against Ad6 suggesting that preexisting immunity against these common viruses will not impede the use of Ad6 in prostate cancer patients. This is in marked contrast to Ad5 that has been used in the vast majority of human trials.
Anti-Ad6 sera have some cross-reactivity to Ad57, but both viruses avoid each other's antibodies 10-fold better than they avoid their own antibodies. 22 This suggests that Ad6 and Ad657 could both be used for serial therapy in prostate cancer patients.
Of all Ads, unmodified species C Ads appear to have a particularly higher efficacy against prostate cancer. Species C Ad6 and Ad657 have lower prevalence than archetype Ad5. Nguyen et al This suggests that Ad6 and Ad657 may be useful as single or dual oncolytic or vaccine platforms against prostate cancer in humans.
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